The angular dependence of exchange bias with the applied field parallel to the film plane has been well established. Here we report on the characteristics of exchange bias with the field rotated out of the film plane at angle from the film plane. The hysteresis loop shifts from the origin not only along the field axis but also along the magnetization axis. Both H E and H C increase with a 1 / cos , which can be accounted by considering the angular dependence of anisotropy introduced during the field cooling.
When a ferromagnetic/antiferromagnetic ͑FM/AF͒ bilayer is field-cooled from above the Néel temperature of the AF, the induced anisotropy at the FM/AF interface causes a shift in the hysteresis loop along the field axis ͑exchange field, H E ͒ as well as an increase in the half-width of the loop ͑coercivity, H C ͒. The symmetry and other characteristics of exchange bias can be determined from the angular dependence of the exchange bias by measuring hysteresis loops along different directions with respect to the field-cooling direction. [1] [2] [3] [4] [5] For most FM/AF systems, the exchange bias is established in the film plane since this is usually the easy axis of the FM layer due to the strong shape anisotropy. The angular dependence of the exchange bias in such cases has been studied with the magnetic field H in the film plane at various angles with respect to the field-cooling direction. [1] [2] [3] [4] [5] These results show that H C exhibits a uniaxial symmetry where H C is maximal at = 0 and and minimal at = / 2 and 3 /2. H E exhibits a unidirectional symmetry, which can be generally described by
where the order of the coefficient b n depends on the system. A simple cos dependence for H E ͑͒ has been observed in a number of systems, including amorphous-CoMoB / CoO ͑Ref. 1͒ and amorphous-FeNiB / CoO, 2 whereas higher-order terms ͑cos 3 or higher͒ are needed to account for the angular dependence of H E ͑͒ in other systems such as FeNi/ CoO ͑Refs. 3 and 4͒ and FeNi/ CrMnPt. 5 Ambrose et al. 3 have attributed the differences to the crystalline anisotropy of the FM layer. Using the Stoner-Wohlfarth model and assuming coherent rotation, Xi et al. 5 were able to numerically fit the angular dependence of H C and H E . In this paper, we report on the angular dependence of exchange bias with the measuring field rotated out of the film plane. In this case, the demagnetization field plays an important role and the angular dependence is different from that of the in-plane case. Both H E and H C increase with increasing angle between the applied field and the in-plane fieldcooled direction with a dependence close to 1 / cos . At high angles, asymmetric hysteresis loops are observed with a shift not only along the field axis but along the magnetization axis as well.
Multilayers of the form FeMn͑8 nm͒ / ͓FeNi͑8 nm͒ / FeMn͑8 nm͔͒ 15 were fabricated by dc magnetron sputtering from FeMn and FeNi alloy targets onto a 30 nm Cu buffer layer on Si and capped with a 30 nm Cu layer. All the FeNi layers have FeMn layers on both sides and the extra FeMn layer was used to assure that the top FeNi layer was likewise sandwiched. Magnetization measurements were performed on a vibrating sample magnetometer ͑ADE 10͒ with vector measurement capability. For all measurements reported here, the magnetization was measured along the applied field direction. During the angular dependence measurements, the FIG. 1. In-plane hysteresis loops measured at = ͑a͒ 0°, ͑b͒ 60°, ͑c͒ 80°, and ͑d͒ 90°with respect to the field-cooling direction as shown in the figure. ͑e͒ The angular dependence of the exchange field H E and the coercivity H C where the solid line corresponds to
positions of the sample and pick-up coils remained fixed while the applied field was rotated with angular precision better than 0.1°. Field cooling was achieved by heating the sample in the VSM under an argon atmosphere to 428 K for 10 s and then cooling in a 2 T external field applied in the sample plane. The heating and cooling rates were both approximately 150 K min −1 . After field cooling, all measurements were recorded at room temperature.
For comparison, we first describe the angular dependence of the exchange coupling when the field is in the film plane at an angle with respect to the field-cooling direction. Figures 1͑a͒-1͑d͒ show the hysteresis loops at representative angles. Figure 1͑e͒ shows the angular dependence of the exchange bias field and coercivity, with characteristics similar to those reported previously. [1] [2] [3] [4] [5] The coercivity H C has a twofold symmetry with maxima along the field-cooling axis. The value of H C decreases rapidly when the field is rotated away from = 0 and = , and exhibits minima when the field is perpendicular to the field-cooled axis. In contrast, the angular dependence of H E shows a unidirectional symmetry which can be described by a simple cos function, as shown by the solid line. Figure 2 shows the corresponding hysteresis loops measured with the field rotated out of the film plane at an of angle . Note that the field axis is larger than that in Fig. 1 . The evolution of the hysteresis loops with the applied field rotated out-of-plane is very different from the hysteresis loops with the field rotated in-plane. Most notably, the hysteresis loops become asymmetric at intermediate angles with a shift both along the field axis and along the magnetization axis. The asymmetry is particularly pronounced for large angles, although at = 90°only hard-axis hysteresis is observed with no loop shift along either axis.
The exchange bias field is usually taken as the shift of the center of the hysteresis loop along the field axis, and the coercivity as the half-width of the loop. For hysteresis loops which are symmetric with no shift along the M axis, such as those shown in Fig. 1 , H E and H C can be readily determined   FIG. 2 . Out-of-plane hysteresis loops measured at = ͑a͒ 0°, ͑b͒ 30°, ͑c͒ 60°, ͑d͒ 75°, ͑e͒ 80°, ͑f͒ 85°, ͑g͒ 86°, and ͑h͒ 90°from the in-plane field-cooling direction.
from the two field values at which M = 0. A more general definition for the exchange bias field and coercivity can be obtained from the switching field on the left ͑H SL ͒ and right ͑H SR ͒ branches of the loop,
In this case, H E and H C are obtained at the center of the loop. Note that with this definition, H C is always positive whereas H E can be either positive or negative.
With the applied field out of plane, both H C and H E increase monotonically with angle, as seen in Fig. 3 . This angular dependence and the asymmetry of the hysteresis loop with respect to magnetization axis ͑M =0͒ can be quantitatively attributed to the demagnetization field when the applied field is not in the film plane.
When the external field is out of plane with respect to the field-cooling direction, the magnetization aligns with the field direction when the applied field exceeds the saturation field. However, since magnetization easy axis is along the field-cooling direction, the magnetization of the sample tends to rotate back to the easy axis when the applied field decreases. The in-plane field component of the applied field is H cos and hence the switching field when the applied field has an angle to the field-cooling direction is given by
Thus H E and H C both have 1 / cos dependence. Figure 3 shows that this 1 / cos dependence, shown by the solid line, describes both H E and H C very well. To observe a 1 / cos dependence in coercivity, strong anisotropy is necessary. Previously, this has only been observed in bulk single crystals with strong intrinsic anisotropy. 6, 7 A switching field dependence of 1 / cos has been reported in epitaxial CrO 2 films 8 and Ni nanowires 9 where strong uniaxial anisotropy was introduced either by the high quality of the epitaxial film or the high aspect ratio, respectively. In the exchange coupled films, the strong anisotropy including both unidirectional exchange anisotropy and uniaxial anisotropy is established by the field-cooling process.
In summary, the angular dependence of the exchange coupling in the out-of-plane field geometry for a FeMn ͓FeNi/ FeMn͔ 15 multilayer shows different behavior compared to the in-plane angular dependence. Both H C and H E show a 1 / cos dependence on the angle between the measuring field and the in-plane cooling field. This 1 / cos dependence is caused by the magnetic anisotropy along the field-cooling direction.
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